Thyronines are essential for the development of the male reproductive system, including the prostate gland. Metabolically active 3,5,3 0 triiodothyronine (T 3 ) is generated mainly by the extrathyroidal, enzymatic 5 0 deiodination of the prohormone thyroxine (T 4 ), which is catalyzed by deiodinases type 1 (D1) and type 2 (D2). Prostate D1 activity is highly expressed during puberty and declines with age, but continuous, long-term sexual activity prevents this reduction. The aims of this study were to characterize the changes in prostatic D1 activity in response to consecutive ejaculations and to determine whether sympathetic input participates in the local T 3 generation (D1 activity). D1 activity was analyzed in prostates of sexually experienced, 4-moold male rats after one to five ejaculations. D1 activity, T 3 concentrations, and the T 3 -dependent gene ornithine decarboxylase (Odc) were measured after the fourth ejaculation in prostates of intact, sham, and sympathectomized (Smpx, hypogastric nerve) rats. D1 activity was evaluated by the radio-iodine-release method; T 3 was measured by radioimmunoassay and Odc expression by real-time PCR. Data showed a gradual increase of prostate D1 activity in response to consecutive ejaculations. The highest activity was found after the fourth ejaculation, and it decreased after the fifth. The increase of prostate D1 activity after ejaculation was blocked in Smpx males as compared to intact or sham animals. The changes in D1 activity correlate with prostatic T 3 concentrations and Odc expression. Circulating levels of T 3 were not affected by consecutive ejaculations or by Smpx. These findings indicate that the postejaculatory increase in prostatic generation of T 3 depends on sympathetic input.
INTRODUCTION
It is well known that the sympathetic nervous system (SNS) and thyroid hormones (TH) interact in a coordinated manner to regulate several physiological processes [1] . In the context of reproductive physiology, SNS/TH interactions have an important role in regulating the reproductive axis (i.e., hypothalamus, pituitary, gonads, and accessory glands) as well as sexual behavior [2] [3] [4] . The prostate is an accessory gland of the male reproductive tract of mammals, and its secretion product contributes to maintain the viability and mobility of spermatozoa in the seminal fluid [5] . This gland receives innervations from the autonomic nervous system by sympathetic (hypogastric plexus) and parasympathetic (pelvic plexus) fibers [6] . The autonomic fibers are closely related to prostatic growth, secretory activity, smooth muscle contractility, and local blood flow [7, 8] . In vivo studies have shown that unilateral sympathectomy decreases prostatic weight, DNA, and protein content on the denervated side but has no effects on the contralateral side. In contrast, unilateral parasympathectomy does not affect the ipsilateral side, but it leads to a contralateral hypertrophy of the prostate [9] . There is evidence that the expulsion of the glandular contents into the posterior urethra (emission process) is under adrenergic control. The contraction and relaxation of prostate smooth muscle is regulated by the alpha-1-adrenoreceptor, whereas secretion by the glandular epithelium is under muscarinic cholinergic control [10, 11] . In relation to TH action, it has been shown that both hypo-and hyperthyroid status modify, in a lobe-specific manner, the activity of enzymes involved in the metabolism of monosaccharides, ion transport, and acid and alkaline phosphatases in rat prostate [12] [13] [14] [15] . In some tissues, there is evidence that activation of the SNS stimulates the conversion of the prohormone 3,5,3 0 ,5 0 tetraiodothyronine (T 4 ) into the active 3,5,3 0 triiodothyronine (T 3 ) [1] . The enzymes type 1 (D1) and type 2 (D2) deiodinase generate local T 3 by 5 0 deiodination of the outer ring of T 4 [16] . Both enzymes are expressed in an organ-specific manner during different physiological and pathological conditions; however, the physiological role of D1 has been difficult to define since D1 is less efficient than D2 in removing iodine from T 4 [16] . However, studies from our laboratory have shown a strong association between D1 activity and local T 3 generation in tissues of the male reproductive system, such as the epididymis and prostate gland. In both tissues, D1 activity is present at the onset of puberty and sexual maturity [17, 18] . In non-sexually active males, we have found that the prostate T 3 concentration decreases with age, but long-term (1 and 5 months) continuation of sexual activity prevents the age-related decline [19] . It has been demonstrated that prostate D1 activity is under a complex endocrine control, mediated by inhibitory (androgens) and stimulatory (estrogens, prolactin, hyperthyroidism) factors [17] . During copulatory behavior, the emission/ ejaculation phases are accompanied by an acute trigger of the sympathetic and parasympathetic pathways [20, 21] ; however, a neural involvement in prostate D1 regulation has not been assessed. Sympathetic activation induces the expression of the D1 enzyme in mammary gland and heart [22, 23] . Therefore, the purpose of this study was to characterize the participation of the prostate D1 enzyme in the ejaculatory response and to determine whether sympathetic input (through the hypogastric nerve) modulates local T 3 generation. To explore this hypothesis, we analyzed the changes in D1 activity, prostate T 3 concentrations, and T 3 -dependent gene ornithine decarboxylase (Odc) in response to consecutive ejaculations, in normal and prostate-denervated rats.
MATERIALS AND METHODS

Reagents
125
I-rT 3 (1184 lCi/lg) and 125 I-T 3 (1200 lCi/lg) were obtained from Perkin Elmer Life Sciences (Boston, MA). Dithiothreitol (DTT), propylthiouracil (PTU), T 3 antibody developed in rabbit, noradrenaline (NA, Arterenol), 1,3,5(10)-estratriene-3,17-beta-diol (Estradiol) and 4-pregnene-3,20-dione (Progesterone), and 8-anilino-1-naphtalene sulphonic acid (ANS) were obtained from Sigma (St. Louis, MO). Protein assay reagent and Dowex columns 50W-X2 were purchased from Bio-Rad (Richmond, CA). Superscript II system and Platinum SYBR green were purchased from Invitrogen (Carlsbad, CA). Ketamine and xylazine were obtained from Cheminova (Mexico City, Mexico). All other reagents were of the highest purity commercially available.
Animals
All animals were taken from the animal house of our institute. Male Wistar rats (3-4 mo old) were housed in acrylic cages under controlled temperature (22 6 18C) and inverted light:dark conditions (12:12 h, lights off at 1000 h). They had free access to rat chow (Purina, Richmond, CA) and tap water. Rats were killed by decapitation. Handling and euthanasia of these animals were reviewed and approved by an ad hoc ethics committee (UNAM). Whole prostates were collected, weighed, and processed for biochemistry and molecular analysis. Blood was collected, and the serum was separated and frozen at À208C for determination of circulating T 3 .
Sympathectomy
Prostate bilateral sympathectomy (Smpx) was performed by surgical section of the hypogastric nerve [9] . Rats were anesthetized with a mixture of ketamine and xylazine (30 and 6 mg/kg body weight [BW], respectively). A lower abdominal incision was made to expose the urogenital region, and the nerve was found retroperitoneally, medial to the inner iliac artery, behind the ureter, and lateral to the rectum. A small section of nerve (2 mm) was removed before it reached the pelvic ganglion. Sham groups were age-matched animals subjected to the same procedure, but the nerve was not sectioned. The success of the sympathectomy was confirmed postmortem by observation of a large distention of prostate and seminal vesicles [24] . Animals that did not show this phenotype were excluded. All experiments were performed 2 wk after surgery.
Experimental Designs
Effect of copulatory behavior on prostatic D1 activity and local T 3 generation. Prostate D1 activity was analyzed after consecutive ejaculations (one to five) in sexually experienced males. Males were trained in three sessions to be sexually experienced in the presence of ovariectomized, receptive females. Female receptivity was induced in ovariectomized rats with estradiol (25 lg/kg BW) and progesterone (1 mg/kg BW), both dissolved in corn oil and administered 48 and 4 h, respectively, before each session. Behavioral patterns that male rats display during sexual activity (mounts, intromissions, and latency of ejaculation) were recorded in real time [25] . The hit rate parameter was calculated in order to assess if the males were sexually experienced. This parameter is the number of intromissions divided by the sum of the mounts and intromissions. A hit rate higher than 0.5 is indicative of sexual experience [26] . Sexually experienced males were allowed to copulate and were killed after one, two, three, four, or five ejaculations. We considered that a male ejaculated when it executed long deep thrust and a slow dismount from the female [25] . Sexually experienced males that did not ejaculate were used as control group. Prostate weight, D1 activity, and local T 3 concentrations were analyzed in the prostates of these animals.
Effects of sympathetic input on prostate D1 activity, generation of, and response to T 3 . To assess if prostate sympathetic input influences the postejaculatory local generation of T 3 , we analyzed the effect of sympathetic denervation on prostate D1 activity and T 3 concentrations in males that executed four ejaculations. Sexually experienced males were sorted into two groups: sham operated and Smpx rats. Two weeks after surgery, each group was divided into two subgroups: the control group that did not ejaculate and the experimental group that ejaculated four times. In these groups the prostate weight as well as the local and circulating T 3 levels were analyzed. The prostatic response to T 3 was assessed by measuring the expression of the T 3 -dependent gene Odc.
Effect of NA administration on prostate D1 activity. To corroborate the participation of NA in regulation of D1 activity, one group of intact, sexually experienced males was treated with an exogenous, single dose of NA (i.p., 1 mg/kg BW), and the control group was treated with vehicle (saline solution, pH 7.4). Rats were killed by decapitation 4 h after NA or vehicle administration.
Analytical Procedures
Enzymatic assay for D1 activity. Prostatic tissues were homogenized in 5 vol (w/v) of cold 0.01 M Hepes buffer (pH 7.6) containing 0.32 M sucrose and 1 mM EDTA. Crude homogenates were centrifuged at 2500 rpm for 30 min at 48C. The supernatant was quickly frozen in dry ice and stored at À70 8C until assayed for enzymatic activity. D1 activity was determined by the radioiodinerelease method [17] . The assays had a 100 ll final volume, 50 ll homogenate, and 50 ll radiolabeled mix. Assay conditions were 200 lg protein, 2 nM 125 IrT 3 , 0.25 lM unlabeled rT 3 , and 10 mM DTT. Incubation time was 3 h at 378C. The reaction was stopped with BSA-PTU and 10% trichloroacetic acid. Released acid-soluble radioiodine was isolated by chromatography on Dowex 50W-X2 columns. Protein was measured by the Bradford method. Results are expressed as picomoles of I À released per milligram protein per hour. Quantification of T 3 . Circulating and intraprostatic levels of T 3 were measured by a homologous radioimmunoassay, as previously described [19] . Prostates were homogenized in 4 vol (w/v) of cold methanol containing 1 mM PTU. Crude homogenates were centrifuged at 3000 rpm for 10 min at 48C. Supernatants were evaporated at 658C. The efficiency of the extraction was 75%. Precipitates were resuspended in rat hypothyroid serum and stored at À208C. The assay contained experimental sample or T 3 standard curve (2-500 pg T 3 /100 ll), hypothyroid serum, anti-T 3 antibody, and radioactive solution (5 pg/100 ll radiolabeled T 3 plus 30 mg/10 ml ANS) in a final volume of 350 ll. The incubation time was 24 h at 48C. Bound and free iodide were separated with 0.5% Charcoal-Dextran. For circulating levels, incubation conditions were similar, except that hypothyroid serum was not added to these samples. The results of T 3 are expressed as ng/mg protein in tissue or ng/ml in serum.
Ornithine decarboxylase (Odc) expression. Prostate Odc expression was analyzed by quantitative real-time PCR. Total RNA was isolated from prostates using Trizol Reagent (Life Technologies). Synthesis of cDNA was performed with 2 lg of total RNA using the Superscript II system. PCR was performed on the sequence detector system Rotor-Gene 3000 (Corbett Research, Mortlake, NSW) using Platinum SYBR green as an indicator for DNA amplification. The reaction was performed with 1 ll cDNA template using 35 cycles of three-step amplification (948C for 30 sec, 558C or 588C for 30 sec, 728C for 30 sec) and the gene-specific primers listed in Table 1 . PCR generated only the expected specific amplicon, which was demonstrated in each case by the melting temperature profile (dissociation curve) and by electrophoresis of 5 ll of the PCR product through a 2% agarose gel containing ethidium bromide in TAE buffer. No PCR products were observed in the absence of template. The relative expression of Odc mRNA was calculated using the 2 (-Delta Delta C[T]) method [27] , normalizing the results to the content of cyclophilin (Cyc), a nonregulated housekeeping gene. All measurements were performed in triplicate.
Statistical Analysis
All results are expressed as the mean 6 SEM. Data were analyzed using the Student t-test or one-or two-way ANOVA. Differences between means were tested by the Tukey test. P , 0.05 was considered statistically significant. Results were analyzed with the help of the statistical package Graph Pad Prism 4. Figure 1A shows that the execution of consecutive ejaculations did not significantly modify the prostate weights. Figure 1B shows a gradual increase of prostate D1 activity, reaching a maximum after the fourth ejaculation and decreasing after the fifth. Figure 1C shows that the increased D1 activity after the fourth ejaculation correlated with a fourfold increase in prostatic T 3 concentration.
RESULTS
A Maximum Increase of Prostate D1 Activity Is Reached after Four Ejaculations
Sympathetic Input Positively Modulates Prostatic Postejaculatory T 3 Generation and the Expression of a T 3 -Dependent Gene
As expected, Figure 2A shows that sham males exhibited a significant increase in D1 activity after four ejaculations. In contrast, section of sympathetic input completely inhibited the D1 response to ejaculation but had no effect on the basal activity. The increase of D1 activity in sham rats was parallel to the increase in T 3 concentration and Odc expression, as shown in Figure 2B and Figure 2C , respectively. These responses
FIG. 1. Effects of consecutive ejaculations on weight (A), D1 activity (B)
, and T 3 levels (C) in whole prostate. Prostatic weight was normalized to 100 g of body weight (BW). The control group was constituted by sexually experienced males that did not execute copulatory behavior, n ¼ 5/group. Data were analyzed by one-way ANOVA and a post hoc Tukey test. Different letters mean significant differences (P , 0.0001). T 3 levels were analyzed by the Student t-test (*P , 0.05), n ¼ 3 per group.
FIG. 2. Effects of Smpx on D1 activity (A), T 3 levels (B),
Odc expression (C), and whole-prostate weight (D) in response to ejaculation. Prostatic weight was normalized to 100 g of body weight (BW). Control groups correspond to sexually experienced rats that did not execute copulatory behavior, n ¼ 3-4 males per group. Data were analyzed by two-way ANOVA and a post hoc Tukey test. Different letters mean a significant difference (P , 0.05). Odc expression was analyzed in triplicate with two independent RNA samples per group. were inhibited in Smpx rats. Figure 2D shows that the surgical manipulations did not modify prostate weight. Figure 3 showed that the Smpx prostate had no effect on body weight (A), T 3 serum levels (B), or sexual behavior hit rate (C). Figure 4 showed that acute administration of NA to sexually experienced males significantly increased prostate D1 activity (Fig. 1B) .
Prostate Sympathectomy Has No Effect on the General Economy of the Organism
NA Increases Prostate D1 Activity
DISCUSSION
Development and function of prostate were long considered to be exclusively controlled by androgens; however, a number of studies have demonstrated the importance of the autonomic nervous system as well as other endocrine systems in these processes [7, 28] . Here, we demonstrate for the first time that sympathetic input modifies local T 3 generation in the prostate. A gradual increase of D1 activity was observed in response to consecutive ejaculations, reaching a maximum after the fourth and decreasing after the fifth ejaculation. This increase took place over a period of 60-120 min, indicating the existence of a rapid activation mechanism. Furthermore, D1 activity of the Smpx prostate showed no response to ejaculation stimuli, indicating that sympathetic input has an important stimulatory influence on the regulation of this enzyme. These findings were consistent with the increase of prostate D1 activity after NA administration. Interestingly, the postejaculatory increase was higher than that elicited by exogenous NA administration. This difference in magnitude probably is associated with the intensity of the stimuli. While NA administration was acute, the activation pattern of sympathetic neurons that results from copulatory activity (uretrogenital reflex) is much more complex. It is well known that the thoracolumbar pathway to the internal reproductive organs is activated in bursts and requires a powerful enhancement in the activity from supraspinal brain neurons [4, 21] . The stimulatory effect of sympathetic input on prostate D1 activity is consistent with the well-known participation of the SNS in the regulation of D1 expression (activity and mRNA) in the mammary gland and heart of lactating rats [22, 23] . Although the molecular mechanism is poorly understood, it is probable that the increased expression is mediated by an indirect effect of NA, given that the promoter region of the D1 gene lacks a cAMP response element [29] . Several studies have demonstrated that the sympathetic innervation of prostate is immunoreactive for a mixture of peptides, such as the vasointestinal peptide (VIP) [30] , suggesting that these peptides could also participate together with NA in the activation of D1. VIP stimulates D2 activity in neurons of pinealocytes [31] . However, further studies are required to analyze the participation of these peptides in the regulation of prostate D1 activity.
In addition to the sympathetic activation, copulatory behavior also involves the parasympathetic pathway and endocrine factors (i.e., testosterone, prolactin, corticosterone) [21, [32] [33] [34] . Previously, we showed that prolactin, estrogen, and hyperthyroidism stimulate D1 activity, whereas androgens inhibit it [17] . Our data do not exclude the participation of these factors in the tonic control of D1 since denervation did not affect the basal activity. However, their participation in response to ejaculation is unlikely since prostatic denervation eliminated the response.
Prostate D1 activity also seems to be regulated by inhibitory factors. Sham males exhibited a significant but lower increase in prostate D1 activity in comparison to intact rats. This hyporesponse is probably associated with the presence of an inhibitory factor related to surgical stress. It has been reported that some mediators of the immune response (such as SYMPATHETIC INPUT AND PROSTATIC T 3 GENERATION 121 cytokines, interleukin-1, interferon-gamma, and tumor necrosis factor-alpha) inhibit T 3 -stimulated D1 induction in thyroid cells [35] ; however, the participation of cytokines in prostate D1 regulation remains to be investigated.
The decrease of prostate D1 activity observed after the fifth ejaculation is paradoxical given that the half-life of this enzyme is 12 h [36] and that the time elapsed between the fourth and fifth ejaculations was around 30 min. The possibility that the D1 enzyme is expelled in seminal fluid is supported by the facts that the prostate gland exhibits an apocrine and merocrine secretion and that the number of aposomes is significantly elevated in sexually active males [37, 38] . We have reported D1 activity in semen [18] , but additional studies are required to assess the effect of sexual activity in this compartment.
The localization of the D1 enzyme within the prostate tissue is unknown, but unpublished data from our laboratory have shown D1 expression in both normal (RWPE-1) and cancerous (LNCaP and DU145) cell lines of human prostate, suggesting its presence in the epithelial component. This finding agrees with D1 epithelial distribution in several endocrine and exocrine glands [39] [40] [41] [42] . In the present study, we showed that the changes of prostate D1 activity were directly proportional to the local T 3 concentrations and Odc expression (a T 3 -dependent gene [43] ), which suggests that the prostate D1 enzyme can locally generate active hormone and that this T3 participates in prostate function. ODC is a key enzyme in the synthesis of polyamines, is highly expressed in prostatic epithelium, and is involved in cell cycle regulation [44] .
Although specific studies related to the role of local T 3 generation in prostate tissue have not been done, two possible functions could be proposed: first, to maintain the energy expenditure required to support the glandular hyperactivity during sexual activity [45, 46] , a metabolic action that has been corroborated in several organs (i.e., epididymis, prostate, lactating mammary gland, liver, etc.) [18, 19, 47, 48] , and, second, as a modulating factor to maintain the integrity and differentiation of prostate epithelium. First, T 3 directly stimulates glycosidase activity in normal prostate [14, 15] ; second, T 3 and androgens have synergistic effects on proliferation and expression of prostate-specific antigen in the differentiated tumoral cell line LNCaP [49] ; and, third, there is a decrease of D1 activity (unpublished data) and a loss of responsiveness to T3 in the dedifferentiated prostate cancer cell line DU145 [50] . Moreover, and in relation with pathologies, recent studies have shown that hypertensive patients exhibited a high risk of developing prostate cancer [51] ; however, in many of these patients, the associated thyroid disease was hypothyroidism [52] , suggesting a paradoxical dissociation of these components. Although the mechanism involved in this pathogenesis has not been established, it would be interesting to analyze in the prostate how the interaction between sympathetic input and deiodinase activity is affected when one of these systems is disturbed.
In conclusion, our findings show that there is an interaction between sympathetic input and local T 3 generation, which is part of a fine-tuning mechanism to regulate the prostate, and suggest that this interaction plays an important role in prostate physiology.
